Abstract-In the experiment, where the atomic electron cloud serves as an indicator of nuclear isomeric transitions, measurements of the perturbation of the ionic charge-state distribution from the known isomeric transition of the 173 Hf nucleus obtained in a heavy-ion-induced reaction, were carried out. As a result, a definite experimental confirmation has been obtained for the effect of nuclear forbidden transitions on their atomic electron cloud. The importance and possibilities of this effect for the study of the interplay of nuclear and atomic excitations are discussed. c 2003 MAIK "Nauka/Interperiodica".
INTRODUCTION
The effect of nuclear transitions on the ionization of heavy atoms that undergo nuclear transformations (the perturbation in their electron clouds by the shake-off of many electrons caused by the decay of nuclear excited states via internal conversion) was widely studied among the heavy products of radioactive decay [1, 2] , the fission isomers obtained in α-induced reactions [3, 4] , and among light [5, 6] and heavy fractions of fission fragments [7] from thermal neutron fission and heavy-ion fusion recoils [8] [9] [10] [11] [12] [13] .
The overwhelming majority of investigated recoils reveal a significant divergence of their chargestate distributions from the equilibrium value. The ionic charge-state distributions of the investigated nuclear reaction products strongly depend on the atomic number Z and the mass number A of the investigated nuclei (see, for example, the isotopic dependence of the ionization time of Dy isotopes [9]), which indicates that the nuclear structure influences the electron clouds. Similar results were obtained in other groups for Er isotopes [12] and Ni + Sn evaporation residues [13] . But until recently, only in the radioactive decay [1, 2] was it possible to establish the correlation of the electron shell ionization with a certain nuclear transition.
In this work, measurements of the perturbation of the ionic charge-state distribution from the known isomeric transition of the 173 Hf nucleus obtained in a heavy-ion-induced reaction were carried out. As a result, a definite experimental confirmation has been * This article was submitted by the author in English.
** e-mail: maidikov@flnr.jinr.ru obtained for the effect of nuclear forbidden transitions on their atomic electron cloud.
EXPERIMENT Some years ago, we supposed [10] that the equilibration of the disturbed electron structure of heavy nuclear reaction products by an additional chargeresetting foil at some distance downstream of the target [8, 14, 15] may be ineffective if the recoil nuclei have isomeric states with lifetime of the same order of magnitude as the time of flight of recoils in the electromagnetic separator, or spectrometer, or even in its part. In this case, the ionic charge-state distribution of recoils disturbed by the continuous internal conversion and the following Auger and CosterKronig transitions in their electron cloud will still be very broad and shifted to higher charge states.
The experimental procedure for measuring the atomic electron cloud ionization by nuclear transitions of heavy-ion fusion recoils with the broad-range magnetic spectrograph MSP-144 [16] was described elsewhere [8] [9] [10] [11] . In this experiment, heavy-ion fusion 173 Hf evaporation residues from the 164 Dy ( 12 C, 3n) reaction emitted from the target (the enriched 164 Dy isotope with 270 µg/cm 2 thickness deposited on a 50-µm Al backing) at Θ = 0 • with recoil energy of about 3 MeV were analyzed by an MSP-144 broad-range magnetic spectrograph according to their momentum P/q and collected by an Al catcher at the spectrograph focal plane whose length was 1.5 m.
The ionic charge-state distributions of evaporation residues were analyzed by scanning piece-bypiece the 1.5-m catcher at a γ spectrometer taking 1063-7788/03/6609-1680$24.00 c 2003 MAIK "Nauka/Interperiodica" into account the spectrograph dispersion and the energy spread of evaporation residues. The lifetime of 173 Hf is about 24 h and it has a γ line with E = 123.6 keV (81.4%), allowing good identification of the isotope embedded into the catcher. The authentic identification of the 173 Hf isotope ensures reliable study of the behavior of its charge-state distributions.
The experiment was performed in two runswithout and with charge resetting of recoil ions. In the second run, a carbon foil with thickness of 10 µg/cm was installed 20 cm downstream of the target at the spectrograph gap entrance. The resulting ionic charge-state distributions of 173 Hf ions (a) without and (b) with charge resetting are shown in the Fig. 1 . For the recoil energy of Hf E res = 3.3 MeV, the expected mean equilibrium charge state has to be 5 + , as estimated by the formulas of Nikolaev-Dmitriev [17] and Shima [18] . However, in the experiment, we did not see any activity of 173 Hf gammas at the place (and nearby) of this charge state at the catcher and may conclude that a very small part of the evaporation residues leave the target with the equilibrium ionic charge-state distribution. The experimental distribution is so broad that we could not collect it completely at the 1.5-m catcher in a single spectrograph magnetic field setting. Thus, we could estimate neither the mean charge nor the width of the charge-state distribution.
As can be seen from Fig. 1b , the charge resetting is truly ineffective in this case because the 173 Hf decay to the ground state is delayed by 180 and 160 ns by two isomeric states at 69.73 keV (3/2 − ) and 107.16 keV (5/2 − ) [19] . The total internal conversion coefficient of transitions from these and nearest levels is so great that almost all recoil ions suffer from continuous "nuclear-induced autoionization." The time of flight of 110 ns between the target and carbon foil is too short for the disturbed electron cloud equilibration. The charge-resetting foil may only clarify the charge-state distribution: to cut off the stochastic charge exchange of recoil ions at the exit boundary of the target (including the low-charge part of the distribution) and effects from the shorter converted nuclear transitions. A lot of investigated recoil atoms still ionize in flight by the continuous delayed nuclear-induced ionization in a much longer time interval according to the lifetime of the nuclear isomeric states. As is seen from the figure, in both experiments (with charge resetting and without it), the abundance of the equilibrium charge state q eq = 5 + is very low. 
DISCUSSION AND CONCLUSION
In heavy-ion reactions as well as in any nuclear perturbation, the atomic cloud formation strongly depends on the structure of the final nucleus, especially on the forbidden nuclear transitions via internal conversion at the inner electron shells. The filling of inner-shell vacancies by electrons from the outer shells causes a drastic rearrangement in the atomic cloud surrounding the nucleus, with the emission of a large number of outer electrons-so-called nuclearinduced autoionization.
Although this effect is of interest from the viewpoint of fundamental research and for solving a number of applied problems, experimental data obtained thus far are scanty. And so far there is no quantitative theory of this effect.
The study of this effect in many laboratories [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] shows that it is very common in nature and has very large probability. It determines the atomic physical and chemical properties of radioactive atoms all the time throughout the existence of nuclear excited states until the moment when the nuclear ground state is populated and the processes of filling its atomic electron shells is completed. This effect can play a dominant role in the excitation and ionization of radioactive atoms in stellar plasmas and in interstellar space.
The high probability and large effects of nuclearinduced ionization may serve as a good experimental tool for the study of both nuclear and atomic structure and for investigations of the interplay between the nuclear and atomic phenomena in atoms with an excited nucleus and an excited (and ionized) electron cloud.
